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SYSTEM AND METHOD FOR MONITORING
ENVIRONMENTAL CONDITIONS

RELATED APPLICATION

This application claims priority to U.S. Provisional Patent
Application No. 60/639,117, filed Dec. 24, 2004 and entitled
TEMPERATURE AND HUMIDITY MONITORING
APPARATUS AND METHOD, the disclosure of which is
incorporated herein by reference in its entirety.

BACKGROUND

Embodiments of the present disclosure relate generally to
methods and apparatus for monitoring temperature, humidity,
and/or other environmental or chemical analog variables.
More particularly, although not exclusively, these embodi-
ments are concerned with the detection of product abuses
such as spoilage and/or the detection of the level of freshness
or environmental abuses of products, equipment or consum-
able items.

As an introduction to the problems solved by the present
application, it is generally desirable in the art of making smart
labels and smart packaging products to be able to measure the
integral of temperature, humidity, or other variable over time.
Such an integration measurement can be used to indicate a
degree of exposure to undesirable environmental conditions.
Time-Temperature Integration (TTI) and Time-Humidity
Integration (THI) are two such valuable metrics used to deter-
mine product abuses or levels of freshness.

To accomplish such measurements, it is known in the art
that a high degree of accuracy can be obtained using an
Analog to Digital Converter (ADC), together with a process-
ing logic unit that performs floating-point algorithms. Alter-
nately, a microprocessor, a Programmable Logic Device
(PLD) or a Digital Signal Processor (DSP) type of processing
platform can be used.

When considering the cost of goods required to build such
processing circuitry into smart labels and smart packages,
even at the smallest levels of integration (deep sub-micron),
using fully custom Application Specific ICs (ASICs), the cost
of goods is too high to be applicable in a typical packaging
situation. Cost sensitivities drive the need for lower-cost and
lower-power circuitry for smart label and smart packaging
devices.

SUMMARY

The circuit architecture and fabrication method of the
present application provides signal processing using an ana-
log integration method, with circuit elements built directly
onto a substrate comprising a polymer, such as, for example,
Polyethylene (PET) or Polyamide.

It is understood in the art that circuit elements such as
transistors, resistors, capacitors, LEDs, and high grade con-
ductors can be fabricated directly upon PET substrates using
ink-jet printing methods. This disclosure applies these meth-
ods, in combination with the use of silicon-based circuits, to
achieve a low-cost temperature and humidity integration and
indication circuits.

An analog circuit can drift and lose accuracy when used to
measure the integrated value of a variable (such as tempera-
ture or humidity) over long periods of time. Due to tolerance
problems with analog components, it is difficult to gain
degrees of accuracy greater than about 0.1% using off-the-
shelf chip resistors and capacitors. Parts of the circuit can be
tuned, and precision component tolerances can be specified,
but at increased expense.
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The apparatus disclosed in the present application can be
trimmed by laser cutting to achieve high accuracy. This, in
combination with other aspects of the sampling and counting
methods used, result in an accurate method of performing the
long-term integrations required to suit the smart label and
smart packaging applications.

In one embodiment, an integrator comprises a polymer
substrate and an operational amplifier comprising a first input
terminal, a second input terminal, and an output terminal. The
integrator further comprises an accumulator formed on the
polymer substrate and connected between the first input ter-
minal and the output terminal of the operational amplifier.

In another embodiment, a system is disclosed for monitor-
ing environmental conditions of a perishable product. The
system comprises an environmental sensor configured to
sense one or more environmental conditions of the perishable
product and an analog integrator in communication with the
environmental sensor, the analog integrator being formed on
a polymer substrate and including one or more tunable com-
ponents. The system further comprises a comparator in com-
munication with the analog integrator and configured to
change state when an output of the analog integrator reaches
a selected threshold level, and a control module in commu-
nication with the comparator and the analog integrator. The
control module is configured to control the operation of the
analog integrator based on an output of the comparator.

In another embodiment, a system comprises a humidity
sensor coupled to a first analog integrator and a temperature
sensor coupled to a second analog integrator. The system
further comprises a first comparator coupled to the first ana-
log integrator and a second comparator coupled to the second
analog integrator. The system further comprises an analog-
to-digital converter coupled to the humidity sensor and the
temperature sensor, and a control module coupled to the first
and second analog integrators, the first and second compara-
tors, and the analog-to-digital converter.

In another embodiment, a method of tuning a system for
monitoring environmental conditions of a perishable product
comprises fabricating a capacitor comprising a first capaci-
tive plate formed on an upper surface of a polymer substrate
and a second capacitive plate formed on a lower surface of the
polymer substrate, the first and second capacitive plates com-
prising a capacitive plate material. The method further com-
prises removing capacitive plate material while measuring
the capacitance of the capacitor until a selected capacitance is
reached, and incorporating the capacitor into an analog inte-
grator circuit configured to receive an input signal from an
environmental sensor capable of monitoring one or more
environmental conditions of the perishable product.

These and other embodiments of the present application
will be discussed more fully in the detailed description. The
features, functions, and advantages described herein can be
achieved independently in various embodiments of the
present application, or may be combined in yet other embodi-
ments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an integrator circuit in
accordance with one embodiment of the present application.

FIG. 2 is a timing diagram depicting the operation of the
integrator circuit shown in FIG. 1.

FIG. 3 depicts an isometric view of a capacitor in accor-
dance with one embodiment of the present application, shown
with layers separated for identification.
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FIG. 4 is a schematic diagram of an environmental moni-
toring system in accordance with one embodiment of the
present application.

FIG. 5 is a schematic diagram of an environmental moni-
toring system in accordance with an alternative embodiment
of the present application.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings that form a part hereof, and in
which is shown by way of illustration specific illustrative
embodiments in which the invention may be practiced. These
embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention, and it is to be
understood that other embodiments may be utilized and that
various changes may be made without departing from the
spirit and scope of the present invention. The following
detailed description is, therefore, not to be taken in a limiting
sense.

Depicted in FIG. 1 are the circuit elements of an analog
integrator 100 that provides sampling and integration of an
input signal, V_, received from an environmental sensor, such
as, for example, a temperature sensor or a humidity sensor.
The integrator 100 preferably allows precision measurement
of'low input currents that are accumulated to an accurate total
charge. In some embodiments, the integrator 100 employs an
operational amplifier 105 with a low input bias current. The
value of resistor R1 can be selected to set the gain of opera-
tional amplifier 105 at a desired level.

Capacitor pair C2/C3 form an integrating capacitor (accu-
mulator) that stores charge at a greater or lesser rate, based
upon the input current of the operational amplifier 105. This
accumulated charge, in turn, produces the output analog volt-
age level V_, according to the following equation:

1
o f In(Dd1.

In this equation, C,,, is the combined capacitance of C2 and
C3, and [, is the input current to the operational amplifier
105.

The arrangement and sequencing of analog switches S1
through S3 provides control of the integrator 100, as
described below in connection with Table 1. In the illustrated
embodiment, S1 is controlled by an integration control signal,
V,.» S2 is controlled by a reset control signal, V,, and S3 is
controlled by a charge control signal, V.. These control sig-
nals can be generated by any suitable control module, such as,
for example, a logic circuit or a microcontroller. In the illus-
trated embodiment, the control signals are amplified by driv-
ers 110, 115, 120, which can be integrated into the analog
switches S1 through S3.

In some embodiments, capacitor C1 is of a small capaci-
tance, e.g., tens of picofarads. When beginning from a dis-
charged state, the charge voltage of C1 quickly rises to the
level of V, the sensor voltage, whenever S3 is closed. When
the integrator 100 is sequenced, the small charge from capaci-
tor C1 is transferred to pair C2/C3. C2 is of a much larger
capacitance than C1 or C3, e.g., on the order of tens of
microfarads. The C2/C3 pair can contain on the order of
one-half to one million samples from C1 and still not be fully
charged to the negative voltage rail. In some embodiments,
C3 comprises a trimming capacitor in parallel to C2. The
function of C3 will be described further below.
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Sensors can be connected in such a way as to sink or source
current from the input terminal of the operational amplifier
105. This causes a positive or negative integration ramp volt-
age on C2/C3, accordingly. The configuration shown in FIG.
1 sources current and thereby produces a negative integration
ramp.

Table 1 below shows four operating states of the integrator
100.

TABLE 1

Integration States

Step State S1 S2 S3  Description
1 4 0 0 1 Charge C1l
2 1 1 0 0 Transfer C1 charge to C2/C3
3 0 0 0 0 Off/Hold C2/C3
R 2 0 1 0 Reset C2/C3

In typical operation, a series begins by charging C1 (Step
1), transferring the charge to C2/C3 (Step 2), then holding the
charge for a relatively long period (Step 3) before taking
another reading. In this way, sparse samples can be taken, and
their aggregate value accumulated. The output V, can be
sampled, or preferably it can be fed into a comparator circuit
(not shown).

The comparator can be made to change state when V_
reaches a preset level, and this can trigger a Reset (Step R) of
the integrator 100. The occurrence of the trigger event indi-
cates a fixed aggregate level of sensor input, which is propor-
tional to net charge. When measuring temperature, for
example, a trigger event indicates that a certain number of net
calories of heat have been measured.

FIG. 2 is a timing diagram showing the operation of the
integrator 100 illustrated in FIG. 1. As illustrated in FIG. 2,V
drops slightly with each transfer of energy from C1. In the
figure, F'S and -FS represent the full-scale values of V., and
V,, respectively. If the sensor voltage, V, is lower due to a
lower temperature, then the integration rate will be slower.

In some embodiments, capacitors C1 and C3 are con-
structed in a manner such that their capacitance can be pre-
cisely set in a high-speed fabrication process. C1 and C3, if
trimmed to accurate capacitance values, will provide a reli-
able basis for aggregate measurement of an integral of sensor
output level.

FIG. 3 depicts an isometric view of a capacitor 300 in
accordance with one embodiment of the present application,
shown with layers separated for identification. The exemplary
capacitor 300 can be constructed for use as C1 or C3 in the
integrator 100 of FIG. 1. In some embodiments, capacitor 300
comprises an upper capacitive plate 305 and a lower capaci-
tive plate 310 separated by a dielectric layer 315. The capaci-
tive plates 305, 310 may comprise any suitable capacitive
material, such as, for example, metal. In some embodiments,
the capacitive plates 305, 310 comprise conductive material
formed as layers of laminated, metallized polyester film, such
as, for example, Mylar®. The polyester film can be metallized
with any suitable metal, such as, for example, aluminum,
silver, gold, etc. Dielectric layer 315 may comprise any suit-
able dielectric material, such as, for example, PET, polya-
mide, polypropylene, etc.

In some embodiments, capacitor 300 can be built using a
die-cut, roll-to-roll sheet lamination process, in which capaci-
tor 300 can also be trimmed to a set capacitance via a closed-
loop capacitor tuning process. In such a process, plate mate-
rial is removed as measurements are made in real-time, until
the capacitance falls to a given target capacitance. Typically,
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a capacitance measurement instrument is connected across
the capacitive plates 305, 310 and a cutting device such as a
robotic laser is positioned and activated to remove precise
amounts of aluminum. Further measurements and smaller
cuts/holes are made until the desired capacitance is reached.
Capacitive sheets may also be pleated and stacked on top of
one another to increase total capacitance, and trimmed to set
values in a similar manner. As a result of establishing a precise
capacitance for capacitor 300, the accuracy of the integration
that the integrator 100 illustrated in FIG. 1 can perform is
advantageously improved.

By using the circuit construction and methods described
above in a smart package or smart label product, it is possible
to reduce the complexity of the silicon circuitry and to pro-
vide features of a circuit directly on a polymer substrate, such
as, for example, PET, Mylar®, polyamide, etc. The electron-
ics that can be printed and/or laminated include sensors,
resistors and capacitors. The adaptation of a precision inte-
grator using printed and laminated components provides a
higher degree of benefit in its accuracy at lower total cost, as
compared to conventional circuits, which consist of silicon-
based circuits plus thick-film passive components that are
soldered onto printed wiring boards.

Some of the materials used in printing electronic compo-
nents on substrates are as follows: (a) conductors: organic
inks such as PEDOT and Polyanilene (PAni) conduct electron
current effectively (approximately 100 S/cm conductivity);
(b) semiconductors: conjugated polymers such as Poly-3-
alkylthiophene (P3AT) Polythiophene and Poly (3-hexylth-
iophen) can be dispensed in a solution form, as used in semi-
conductive inks; (¢) insulators/barriers: insulating polymers,
such as PMMA, are used for insulation layers and/or barrier
formation. Sensors can be constructed from metallic (such as
silver) sensing compounds that are deposited between two
conductive electrodes on the substrate. All of these chemicals
can be formulated into inks to be sprayed from ink-jet nozzles
or plotted via micro-pen onto Polyethylene (PET) substrates
at room temperatures, in semi-clean or clean environments.

FIG. 4 is a schematic diagram of an environmental moni-
toring system 400 in accordance with one embodiment of the
present application. In the illustrated embodiment, the inte-
grator 100 comprises one or more tunable components 430,
such as capacitor 300 described above. In operation, integra-
tor 100 receives an input signal, V, from an environmental
sensor 435 and provides an output signal, V,, to a comparator
405. When a comparison target level is reached, a logic circuit
410 sends a reset control to the integrator 100 and at the same
time tallies the count of thresholds that were reached. When a
target number of threshold counts are reached, the indicator
drivers 415 can drive alarm indications to the display 420 or
audio emitter 425. A battery and voltage converter (not
shown) can be used to supply power to the system 400.

FIG. 5 is a schematic diagram of an environmental moni-
toring system 500 in accordance with an alternative embodi-
ment of the present application. In the embodiment illustrated
in FIG. 5, system 500 comprises two integrators 100A, 1008,
each of which includes one or more tunable components
560A, 560B, such as capacitor 300 described above. The first
integrator 100A is used to integrate the sensor voltage of a
humidity sensor 505, and the second integrator 100B is used
to integrate the sensor voltage of a temperature sensor 510.
The system 500 further comprises a microcontroller 515 that
receives inputs from the outputs of the two comparators
520A, 520B, and also receives input from a two-channel ADC
525 that monitors each sensor 505, 510 directly. System 500
is capable of programmatic control of integration and of
indicator drivers 530, which can drive alarm indications to the
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display 535 or audio emitter 540. System 500 is also capable
of programmatic control of such peripheral devices that can
also be incorporated into the smart label or package, such as,
for example, a data transceiver 545, a real-time clock 550,
and/or a non-volatile memory 555. A battery and voltage
converter (not shown) can be used to supply power to the
system 500.
The systems and methods described above can be used to
monitor environmental conditions of a wide variety of per-
ishable products, such as meat, poultry, seafood, dairy prod-
ucts, cosmetics, chemicals, etc. These systems and methods
can advantageously be incorporated into various labels, tags,
packages, and/or packaging materials used in connection
with such perishable products. As described above, these
systems and methods can lead to significant cost savings over
conventional circuits used in existing smart packaging and/or
smart labeling products.
Although this invention has been described in terms of
certain preferred embodiments, other embodiments that are
apparent to those of ordinary skill in the art, including
embodiments that do not provide all of the features and
advantages set forth herein, are also within the scope of this
invention. Accordingly, the scope of the present invention is
defined only by reference to the appended claims and equiva-
lents thereof.
What is claimed is:
1. A system for monitoring environmental conditions of a
perishable product, the system comprising:
an environmental sensor configured to sense one or more
environmental conditions of the perishable product;
an analog integrator in communication with the environ-
mental sensor, the analog integrator being formed on a
polymer substrate and including one or more tunable
components;
a comparator in communication with the analog integrator
and configured to change state when an output of the
analog integrator reaches a selected threshold level; and
a control module in communication with the comparator
and the analog integrator,
wherein the control module is configured to:
control the operation of the analog integrator based on an
output of the comparator; and

tally a count of anumber of threshold events reached, the
number of threshold events capable of including more
than one.

2. The system of claim 1, wherein the system forms a part
of a label, tag, package, or packaging material used in con-
nection with the perishable product.

3. The system of claim 1, wherein the environmental sensor
comprises a temperature sensor or humidity sensor.

4. The system of claim 1, wherein the polymer substrate
comprises PET or Polyamide.

5. The system of claim 1, wherein the analog integrator
comprises:

an operational amplifier comprising a first input terminal, a
second input terminal, and an output terminal; and

an accumulator formed on the polymer substrate and con-
nected between the first input terminal and the output
terminal of the operational amplifier.

6. The system of claim 5, wherein the accumulator com-
prises a charge capacitor and a trimming capacitor connected
in parallel.

7. The system of claim 6, wherein one or more of the
capacitors are formed using a die-cut, roll-to-roll sheet lami-
nation process.

8. The system of claim 1, wherein the one or more tunable
components comprise at least one capacitor.
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9. The system of claim 1, wherein the control module
comprises a logic circuit configured to detect a change in the
state of the comparator, send a reset control signal to the
integrator, and tally a count of threshold events reached.

10. The system of claim 1, wherein the control module
comprises a microcontroller.

11. The system of claim 1, further comprising indicator
drivers in communication with the control module, the indi-

8

cator drivers being configured to drive alarm indications
when a selected number of threshold events have occurred.
12. The system of claim 11, further comprising a display
and/or audio emitter coupled to the indicator drivers.
13. The system of claim 1, further comprising a transceiver,
real-time clock, and/or non-volatile memory coupled to the
control module.



